compromised by probe-network slippage and cage-hopping problems, and require a priori knowledge of network mesh size in order to determine a suitable probe size. We demonstrated here the usefulness of covalently bound probes for PTM of biopolymers to overcome the above limitations. We showed that, in a well-defined system like polyacrylamide gels, surface-modified probe particles using a zero-length crosslinker provided more reliable measurements of network mechanics as compared to standard carboxylated probes. We further demonstrated that appropriate surface modification of microspheres for PTM circumvented the requirement of using microspheres larger than the network mesh, an approach typically considered to be ideal. Using the method presented in this study, we found the local network at the leading edge of a typical C6 glioma cell to be stiffer as compared to the side. Our findings established that permanent interaction between the probe and network is crucial to reliably measure the local network mechanics in reconstituted, heterogeneous networks using PTM. Biopolymer hydrogels are proving to be useful threedimensional porous scaffolds for tissue engineering and models to mimic extracellular matrices for studies of cell behaviors (Glowacki and Mizuno 2008; Grinnell and Petroll 2010; Petrie et al. 2012) . Viscoelastic hydrogels made of naturally occurring polymers such as collagen type-I (Wolf et al. 2009 ), fibrinogen (Yang et al. 2007 ), polysaccharides (Klein et al. 2010) , and Matrigel TM (Collins et al. 2010 ) are biocompatible and possess unique chemical components that play important roles in cell signaling, mimicking in vivo cellular microenvironment. To mimic the microenvironment, numerous factors such as the mechanical properties, surface chemistry, porosity, and biochemical transportation in the hydrogel must be taken into consideration (Barkan et al. 2010; Yang et al. 2010; Pathak and Kumar 2011) . In particular, substrate elasticity has been shown to affect cell morphology, proliferation, motility, and the outcome of stem cell differentiation lineage (Engler et al. 2006; Wang and Thampatty 2006; Saha et al. 2008; Ulrich et al. 2009 ). However, to characterize the mechanical properties of the substrate, most of these studies have utilized macroscopic techniques, such as shear rheology, which measure the bulk mechanical properties but overlook network heterogeneity (Oppong and de Bruyn 2007; Szymański et al. 2008; Lai et al. 2009) , which is inherent due to the random polymerization of natural polymers. As the length scale of heterogeneity is often comparable to the cell dimension (Raub et al. 2008; Wolf et al. 2009 ) and as cellular processes are known to be affected by their microenvironment (Collins et al. 2010; Hanahan and Weinberg 2011; Tse and Engler 2011) , it remains a significant challenge to examine the effects of the mechanical properties of local microenvironment on cell behavior. Particle-tracking microrheology has been used extensively to characterize the mechanical properties of individual fibers (Pampaloni et al. 2006; Jahnel et al. 2008) , biomaterial networks (Crocker et al. 2000; Valentine et al. 2001; Gardel et al. 2003; Dasgupta and Weitz 2005) , and cells (Li et al. 2009; Selvaggi et al. 2010; Wu et al. 2012) . In "passive" particle-tracking microrheology (PTM), the thermal motion of embedded micron-or submicron-sized probe particles is analyzed to extract the viscoelastic properties of the surrounding local environment using the generalized Stokes-Einstein relation (GSER) (Levine and Lubensky 2000; Squires and Mason 2010) . As the probes used are significantly smaller than the size of cells, the local mechanical properties can be measured with subcellular resolution. However, many factors, such as the probe surface chemistry and probe size (McGrath et al. 2000; Valentine et al. 2004; Chae and Furst 2005; Fu et al. 2008; He and Tang 2011) , have been found to complicate the interpretation of microrheological data. Current studies have advocated the use of probes that are larger than the network mesh size as a "gold standard" to measure the network mechanics due to physisorption of nearby network on the probe (He and Tang 2011) . However, the microenvironment around the cells is rich in microstructures with heterogeneous mesh sizes, and the need to predetermine appropriate probe size for PTM is impractical. While it is acknowledged that small probes have to physically interact with the network to effectively measure the network mechanics (He and Tang 2011) , only probes with non-specific interactions with the network have been studied to date (McGrath et al. 2000; Valentine et al. 2004; Squires and Mason 2010; He and Tang 2011) . To probe the network mechanics of materials where the length scales of heterogeneity are typically comparable to the probe size, such as biopolymer networks, an absence of probe/material interaction can lead to problems such as slippage (Fu et al. 2008) , cage-hopping (He and Tang 2011) , and steric hindrance (Valentine et al. 2004; Van Citters et al. 2006) , which would undermine the reliability and accuracy of such microrheological analysis. This issue is especially critical when spatially resolved local information, as reported by individual probe, is required.
In this study, we addressed the need of establishing a robust method to reliably measure local rheological properties surrounding a cell in a heterogeneous three-dimensional (3D) hydrogels by using "passive" PTM with probes that maintained continual mechanical interaction with the hydrogel material. We demonstrated the usefulness of employing covalently bound microspheres for reliably measuring local network mechanics by comparing the rheological information obtained with non-specifically bound microspheres and with microspheres that were larger than the mesh size, the "gold standard" in PTM. We subsequently applied this modified PTM method to monitor spatial distribution of local mechanics surrounding a mesenchymal migratory glioma cell. This work has broader implications for the use of PTM in studying rheological changes in cellular remodeling of the local 3D heterogeneous biomaterial environment and for the effect of local mechanical properties on cellular processes.
Materials and methods

Reagents and microspheres
The surface-carboxylated fluorescent microspheres and pBAD/His Kit were obtained from Invitrogen (Carlsbad, CA). 1-[3-(Dimethylamino) propyl]-3-ethylcarbodiimide (EDC) and B-PER bacterial protein extraction reagent were obtained from Pierce/Thermo Scientific (Rockford, IL). pIRES-EGFP vector was obtained from Clonetech Laboratories, Inc (Mountain View, CA). PrepEase TM His-tagged high-yield purification resin was purchased from USB 
Preparation of the NHS-microspheres
EDC-NHS coupling reaction of carboxylated microspheres was performed as previously described (Grabarek and Gergely 1990; Mann and Leckband 2010) , as illustrated in Supplementary Figure 1 . To generate NHS-microspheres, 20 µl of COOH-microspheres (2 %solids) was centrifuged at 14,000 g for 5 min. After removing the supernatant, the pellet of microspheres was washed once using MES buffer (100 mM 2-(N-morpholino)ethanesulfonic acid, pH 6.0) and the microspheres collected by centrifugation. The pellet was subsequently resuspended in varying concentrations of EDC and N-hydroxysuccinimide (NHS), as listed in Table 1 , in MES buffer for 30 min at room temperature. The standard surface modification used in the experiments was according to G10 or R10 concentrations of EDC and NHS. The excess EDC/NHS chemicals in the supernatant were subsequently removed, and the microspheres washed twice with deionized water. The microspheres were then resuspended in HPLC water to the original volume. The activated esters on the NHS-microspheres spontaneously formed stable amide bonds with primary amine groups in polyacrylamide and collagen. The surface-modified microspheres were stored in 4 • C and used within one week after modification.
The COOH-microspheres used in the experiments were collected by centrifugation, washed once in de-ionized water, and resuspended to the original volume in HPLC water.
2.3 Characterization of microspheres protein-binding capacity using eGFP and BSA
The enhanced green fluorescent protein (eGFP) gene was subcloned from pIRES into pBAD/His vector and transformed into competent E. coli cells. Protein extraction and purification were performed using B-PER bacterial protein extraction reagent and PrepEase TM His-Tagged high-yield purification resin, respectively, according to the supplier protocol. A volume of 2 µl of prepared NHS-and COOH-microspheres was incubated with 100 µl of the 350 µg/ml eGFP solution and incubated overnight at 4 • C with constant shaking. The microspheres-protein mixture was centrifuged at 16,100 g for 5 min and subsequently washed once with sodium dodecyl sulfate (SDS) and thrice with 1× phosphatebuffered saline (PBS) to remove non-specifically bound eGFP from the microspheres. The microspheres were observed using Zeiss LSM710 confocal microscopy with 63 × 1.4 NA oil immersion objective lens. eGFP was excited at 488 nm using Argon laser and emission spectra captured in the green region (500-530 nm). Microspheres were excited at 543 nm using Helium-Neon laser and emission spectra captured in the red region (558-615 nm). The gain and offset used in taking each image were fixed. The number of red and green fluorescence pixels, for the microspheres and eGFP, respectively, were extracted from the captured confocal images.
Preparation of polyacrylamide and collagen hydrogels
To form the polyacrylamide gels, polyacrylamide stock with 40 (w/v) %T, total acrylamide concentration, and 3 (w/w) %C, bis-acrylamide crosslinker concentration, TEMED, and 10 (w/v) % ammonium persulfate (APS) were prepared in de-ionized water. To ensure that the NHS-microspheres covalently bond to the amine groups on the polyacrylamide gel, the commonly used Tris buffer was replaced with HEPES buffer in the gel preparation. Polyacrylamide stock of volumes 230 and 525 µl were mixed with 100 µl of HEPES, 20 µl of APS, 2 µl of TEMED, 2 µl of each type of microspheres, and made up to 2 ml with de-ionized water to obtain 4.6 (w/v) %T and 10.5 (w/v) %T final acrylamide concentrations, respectively. The gel mixture was poured immediately onto 35-mm glass-bottom petri dish with coverglass inserts (no. 0) and 10-mm microwell (MatTek Corp, Ashland, MA).
Appropriate amounts of the 9.03 mg/ml stock collagen solution, depending on final concentrations, were mixed on ice with 10 × PBS, 1 µl of NHS-microspheres, and 1 M sodium hydroxide (NaOH) to adjust pH to 7.4. Phenol-redfree DMEM with 1,000 mg/l glucose was added to obtain the desired total volume of 100 µl. The collagen mixture 123 was poured onto the glass-bottom petri dish and incubated at 37 • C for 1 h.
Cell culture and preparation of cell-embedded collagen gel
C6 rat glioma cells were cultured in DMEM supplemented with 10 (v/v) % fetal bovine serum (FBS) and 1 (v/v) % penicillin-streptomycin antibiotics. Cells were maintained at 37 • C, 5 %CO 2 and subcultured at 80 % confluent.
To prepare collagen gel loaded with dispersed cells for confocal imaging, cell suspension at a density of 3 × 10 4 cells/ml in DMEM was mixed with gel at a ratio of 1 to 20 (total number of cells in 100 µl of mixture is 1500). The collagen-cell mixture was poured onto the glass-bottom petri dish and incubated at 37 • C for 1 h. Fresh DMEM was added on top of the gel subsequently and changed every 2 days. Particle-tracking was carried out 24 h after gelation.
2.6 Rheological measurements on collagen gel using mechanical rheometry
Rheological measurements were carried out using a stresscontrolled AR-G2 rheometer (TA Instruments, New Castle, DE) fitted with 40-mm parallel-plate geometry at 500 µm gap size. Prepared collagen solutions of 650 µl were loaded onto the precooled Peltier plate, and the temperature was raised to 37 • C for gelation. Time sweep measurements for 90 min were carried out at 37 • C during the gelation process. The plateau modulus at the end of gelation was used to determine the elastic moduli of each sample.
Particle-tracking microrheology
To measure the network viscoelasticity, the positions of the embedded microspheres were recorded using confocal microscopy at frame rate of 4 Hz for 500 frames. The point spread function in each image was approximated to be Gaussian, and the positions of the microspheres were identified by using two-dimensional Gaussian least square fitting with a spatial resolution of at least 10 nm, as determined in Supplementary Figure 2 . Particle position measurement using high-speed camera in optical tweezers microrheology has a comparable spatial resolution to the proposed method (Keen et al. 2007) . A semi-automated subroutine was also written to eliminate undesired features, such as aggregated beads and debris, and to select desired microspheres for stiffness measurement around glioma cell. The microsphere positions were subsequently correlated in time to generate the trajectories of microspheres motion. The mean-squared displacement (MSD), as a function of lag time τ , of each microsphere was calculated using r 2 (τ ) = |r (t + τ ) − r (t)| 2 , where r (t) denotes the microsphere position and the angled brackets indicated an average over time t. Error bars presented in the figures were determined by taking the standard deviation of the MSD values of all the tracked microspheres, at the specified lag time. The main results and conclusions presented were not affected by using standard deviation in the error analysis even though the differences in the number of independent measurements for each time lag were not accounted for, such as by Valentine et al. (Valentine et al. 2001) . The extraction of microrheological information from the microsphere MSD was done using the power-law approximation of the GSER. The local power-law estimation is a practical approach that is theoretically established and commonly used to obtain the shear moduli (Mason 2000; Dasgupta and Weitz 2005; Kurniawan et al. 2010 ). The local power-law exponent α (ω) was numerically estimated from
where ω denotes angular frequency.
The complex modulus G (ω) was obtained using
where n, k B , T , and a represent dimensionality, Boltzmann's constant, temperature, and probe radius, respectively. denotes gamma function.
The storage G (ω) and loss G (ω) modulus were subsequently obtained using
Results and discussion
Protein-binding capacity of NHS-coated microspheres
Conventional PTM method involves the use of probes that have limited or no interactions with the surrounding network. However, the absence of probe-network interaction can lead to ambiguous and unreliable rheological measurements due to cage-hopping and probe/network slippage problems during tracking of these probe trajectories (Fu et al. 2008; He and Tang 2011 ). An alternative method, quantitative fluorescent speckle microscopy (QFSM), involves the use of labeled polymer structure in place of embedded probes to measure network mechanics (Danuser and Waterman-Storer 2006) . Although QFSM overcome the problems associated with conventional PTM method, there are technical challenges in the generation and imaging of the speckles such as high background noise from unincorporated fluorescent subunits and inability to detect turnover of fluorescent subunits in uniformly labeled microstructures. To overcome the challenges associated with conventional PTM and to ensure that the rheological measurements accurately reflect solely the network mechanics, we constructed probes that maintained a continual mechanical interaction with the material of interest. Carboxyl groups on carboxylated, polystyrene microspheres (COOHmicrospheres) were first activated using EDC/NHS to form stable reactive intermediate, N-succinimidyl esters. The surface-modified microspheres (NHS-microspheres) formed covalent bonds by aminolysis with primary and secondary amino groups on biopolymers spontaneously. Next, to verify that the NHS-microspheres bound proteins with amino groups, eGFP was used to monitor the aminolysis reaction. As the microspheres have inherent red fluorescence, the microspheres were expected to appear yellow after binding with the green fluorescing eGFP, when excited with 488 and 543 nm excitation lasers simultaneously. As shown in Fig. 1a , NHS-microspheres (image c) appeared yellow but COOH-microspheres (image a) did not. Furthermore, the NHS-microspheres (image d) fluoresced in the green emission region, indicating substantial binding of eGFP on the NHS-microspheres, but not the COOH-microspheres (image b). The NHS-microspheres were also found to bind bovine serum albumin and collagen, as shown in Supplementary  Figure 3 .
To quantify the amount of eGFP bound, the number of pixels illuminated by red fluorescence and green fluorescence, indicative of microspheres and eGFP, respectively, were measured with approximately 150 microspheres of each condition (Fig. 1b) . As expected, the number of red pixels per microspheres was comparable for all three conditions. The number of green pixels observed on the eGFPtreated COOH-microspheres was comparable to the noneGFP-treated COOH-microspheres. The small number of green pixels found in eGFP-treated COOH-microspheres was possibly due to incomplete removal of eGFP via centrifugation. In contrast, the NHS-microspheres had a statistically much greater green pixel count compared to both the eGFP-treated and non-eGFP-treated COOH-microspheres, implying that there were spontaneous formation of covalent bonds by NHS-microspheres with samples containing amino groups. From these results, the surface modification procedure established here is adequate in generating aminereactive esters on carboxylated microspheres for spontaneous reaction with amine groups found on proteins and natural biopolymers.
Wider MSD distributions for COOH-microspheres compared to NHS-microspheres
Probes used in PTM that have greater interaction with the heterogeneous network samples are sensitive to network stiffness, while probes with minimal interaction measure viscosity of the fluid within the pores of the network (McGrath et al. 2000; Valentine et al. 2004; Chae and Furst 2005) . To examine the effect of surface modification on the mobility of microspheres, NHS-and COOH-microspheres were embedded in polyacrylamide gels of two different total monomer concentrations with a fixed bis-acrylamide crosslinker concentration of 3 (w/w) %C. Polyacrylamide gel, with pore size smaller that the microsphere size, was used as it is known to be more homogeneous compared to natural biopolymers, thereby allowing us to compare the MSD distributions between NHS-microspheres and COOHmicrospheres in the absence of heterogeneities that complicate the distribution measurements. Polyacrylamide gels with total monomer concentrations of 10.5 (w/v) %T and 4.6 (w/v) %T have estimated median pore radii of 70 nm and 107 nm, respectively (Holmes and Stellwagen 1991) . Red fluorescent NHS-microspheres and green fluorescent COOH-microspheres, both 0.2 µm in size, were co-dispersed in each polyacrylamide gel sample to circumvent the problem of batch-to-batch sample variability, from preparing the 
NHS-microspheres
Ensemble-averaged 1.9 3 .4
Maximum − minimum 3.8 1 3 .9
COOH-microspheres
Ensemble-averaged 7.0 6 .1
Maximum − minimum 40.6 142.0 gels separately, in the measurements. Table 2 summarizes the ensemble-averaged mean-squared displacements (MSD) and difference between the maximum and minimum MSD values of 40 (each) independent NHS-and COOH-microspheres embedded within the gels at time lag τ of 0.48 s. COOHmicrospheres showed a significantly broader distribution of MSD, as indicated by the larger difference in the maximum and minimum MSD as compared to the surface-modified NHS-microspheres, for both polyacrylamide concentrations. In addition, embedding COOH-microspheres in the bigger pore size 4.6 %T polyacrylamide gel resulted in even more pronounced variation in MSD. The presence of "outlying" COOH-microspheres with higher recorded MSD compared to the bulk COOH-and NHS-microspheres, as shown in Supplementary Figure 4 , contributed to the wider maximumminimum values for COOH-microspheres. This increased distribution of MSD for COOH-microspheres compared to NHS-microspheres in gel with bigger pore size indicated that the amplification of steric hindrance, cage-hopping, and slippage problems, as previously hypothesized (Van Citters et al. 2006; Fu et al. 2008; He and Tang 2011) , associated with the use of non-covalently bound probes for measuring networks with big pore sizes in PTM, reduced the reliability of the measurements.
To ensure that the values of the difference in maximum and minimum MSD observed were due to the differences in surface chemistry and not a reflection of poor statistics from short data collection period, we used the van Hove correlation function to analyze the microspheres displacement (Van Hove 1954; Valentine et al. 2001) . The van Hove correlation function describes the probability density of having a displacement of a given magnitude χ at a particular lag time τ . The NHS-microspheres exhibited a narrower displacement distribution as compared to the COOH-microspheres (Fig. 2) , indicative of restricted movements of the former due to covalent bonding onto the polyacrylamide gel. These data based on polyacrylamide gels indicated that using noncovalently bound probes, such as COOH-microspheres, in PTM can result in artificially less stiff local network due to tracking of greater probe movements from slippage of the probes in the network, network polymer depletion from probe surface due to steric hindrance and cage-hopping. The noncovalently bound microspheres were in actual fact not measuring local network mechanics. These issues were found to be even more predominant in networks with large pore sizes, as shown in Table 2 . Thus, in order to reliably measure the network mechanics of biopolymers that has length scale of pore size comparable to the probe size, microspheres that maintained continual interactions with the network, such as shown with Gaussian fits to the ensemble-averaged data. Narrower distribution of χ displacement for NHS-compared to COOH-microspheres indicated restricted movement of NHS-microspheres due to covalent bonding covalently bound microspheres, were found to be more useful than non-specifically bound microspheres.
Viscoelasticity is independent of probe size with surface-modified microspheres
The ideal probe for network rheology has been commonly defined as probe microspheres that are significantly larger than the mesh size of the network (Levine and Lubensky 2000; Valentine et al. 2004; Squires and Mason 2010; Barhate et al. 2011; He and Tang 2011) . To understand how network mechanics probed by covalently bound microspheres of comparable size to the network compares with the mechanics obtained with large ideal microspheres as probes, we performed PTM using 0.5 µm red fluorescent NHS-microspheres and 0.2 µm green fluorescent NHSmicrospheres in polyacrylamide gel with 10.5 %(w/v)T. The MSD data for smaller microspheres were significantly larger than those of larger microspheres (Fig. 3a) , consistent with the prediction of GSER, which specifies the MSD to be inversely proportional to the radius of the probe microspheres. Consequently, the scaled MSD (MSD multiplied by the radius of microsphere) will be the same if the probes were measuring purely the network mechanics. The MSD for both 0.2 and 0.5 µm NHS-microspheres was found to be similar (Fig. 3b) . The standard deviation at small lag times for 0.2 µm was not shown due to the limited range of MSD displayed in the y-axis. This result indicated that NHSmicrospheres, which were comparable in size to the mesh size of the network being measured generated rheological information similar to measurements based on the ideal probe. As mentioned earlier, the inherent heterogeneity of biopolymer networks posed a challenge in making an a priori decision on the probe size and the limit of the size of probe to be used is limited by the resolution of the video-tracking method. Figure 3 further indicated that probes modified to interact with the surrounding network do not artificially create a stiffer local environment by actively attracting the surrounding network, which was previously hypothesized (McGrath et al. 2000; Valentine et al. 2004; He and Tang 2011) , as the MSD was the same for both the small and large microspheres. Thus, using NHS-microspheres is a viable alternative to COOHmicrospheres in PTM as it can generate the same network mechanics as microspheres that are larger than the mesh size and does not actively alter the local network.
Varying the amount of surface modification affects the distribution of elastic moduli
The extent of surface modification on the NHS-microspheres can affect both the total number of covalent linkages formed and the probability of forming linkages with the surface amino groups on the network. Insufficient surface modifica- Each MSD curve was an average of MSD curves of more than 30 individual microspheres, and error bars showed variation in MSD curves for different microspheres at each specific time lag. The MSD after scaling for both microsphere sizes was similar, indicating that NHS-microspheres of comparable size to the network mesh size generated network mechanics similar to microspheres that are larger, i.e., the ideal probe tion will likely result in unreliable measurements from steric hindrance, slippage, and cage-hopping issues associated with non-covalently bound microspheres. To identify the minimum amount of surface modification required to eliminate these limitations, we altered the amount of covalent linkages to be formed between the microspheres and network by modifying the surface of 0.2 µm carboxylated microspheres with different EDC/NHS concentrations. Green fluorescent microspheres were treated with four different concentrations of EDC and NHS, as given in Table 1 , and embedded into four polyacrylamide gels with concentration of 10.5 (w/v)%T and 3 (w/w)%C. To minimize batch-to-batch variability from inherent heterogeneity in gels or experimental 123 Fig. 4 Normalized elastic moduli, with reference to corresponding normalizer (R10), of different surface-modified microspheres for polyacrylamide gels of 10.5 (w/v)%T and 3 (w/w)%C at frequency of 4.1 rad/s (crosses) and 1.0 rad/s (open circles). The smaller the number of EDC and NHS used for surface modification, the further the normalized elastic moduli was to ratio value of 1 indicating increasing unreliability preparations during cross-sample comparison, red fluorescent microspheres treated with the largest concentration of EDC and NHS ( Table 1 , described as R10) was added to each gel, and measurements based on these red microspheres were used as a "reference" (i.e., the measurements based on the other particles for the same gel were "normalized" with respect to the reference measurements obtained using the red microspheres). As shown in Fig. 4 , the lesser the number of EDC and NHS used per COOH group for surface modification, the further was the normalized elastic moduli from a ratio of 1. In addition, increasing the amount of surface modification on the microsphere decreased the spread of the elastic moduli, as shown by the smaller standard deviation in Supplementary  Figure 5 . The greater deviation of normalized elastic moduli from 1 and wider spread in elastic moduli obtained using treatment with low surface modification exemplified the presence of ambiguous data likely to be the result of insufficient covalent linkages between the microspheres and network. Insufficient covalent linkages possibly lead to generation of viscoelastic measurements that were affected by the solvent surrounding the microsphere, slippage of the microsphere against the gel, polymer depletion from microsphere surface, and cage-hopping. The deformation field and corresponding drag coefficient of microspheres with covalent linkages was found to be a function of linkage size and number. Large number of linkages with the network was required to obtain drag coefficient that was the same as microspheres with non-slip boundary condition (Van Citters et al. 2006) . High surface modification was thus required to generate rheological data that were purely interpretive of the viscoelasticity of the solid network. The biggest value obtained by normalizing the elastic moduli of R10 microspheres in one gel with another was used as the cutoff to determine the minimum surface modifi- 5 Bulk (open circle, dash-dot line) and ensemble-averaged (filled circle, full line) elastic moduli of collagen at 1.5, 3.5, 5.5 and 7.5 mg/ml. 0.5 µm NHS-microspheres were used for PTM measurements. The ensemble-averaged elastic moduli scaled with a power law of 1.7 ± 0.3, which is close to previous finding by Yang et al. (2009) . The dotted lines indicated the 99 % confidence bands cation required. Our data, in Fig. 4 and Supplementary Figure  5 , suggested that the concentration of EDC/NHS treatment should at least be similar to that used for generating G1E-2 microspheres (Table 1 ) so as to obtain microrheological data that were interpretive of solid material heterogeneity in the material.
NHS-microspheres can measure the mechanics of varying microenvironment in collagen
The presence of local heterogeneity in 3D gels, by deliberate addition of microstructures to generate local domains of varying rigidity, was found to affect myocytes behavior (Curtis et al. 2010 (Curtis et al. , 2012 and human mesenchymal stem cells differentiation into osteogenic lineages (Collins et al. 2010 ). However, a reliable method to measure the local stiffness in 3D gels in order to understand the effect of microdomains rigidity on cell behavior is currently absent. From the observations of previous sections, NHS-microsphere is potentially a viable option to probe the local environment of the heterogeneous 3D gels. To verify that the NHS-microsphere is sensitive to changing microenvironment, experiments were carried out to track approximately 40 microspheres in collagen gel, a natural biopolymer that has been found to show high degree of heterogeneity (Velegol and Lanni 2001; Parekh and Velegol 2007; Latinovic et al. 2010; Shayegan and Forde 2013) , with varying concentrations. As shown in Fig. 5 and Supplementary Figure 6 , the elastic moduli and ensembleaveraged MSD obtained by tracking the movements of the NHS-microspheres increased and decreased with increasing concentrations of collagen, respectively. The microrheology measurements were found to have similar frequency dependence as the bulk rheology measurements, but with lower apparent stiffness. Similar observation was found when Microspheres in direct contact with the collagen at the front and side of the cell processes were used to monitor the stiffness in front of the cell, while microspheres found around the main cell body were used to monitor the stiffness surrounding the cell body. b Elastic and loss moduli obtained by tracking the trajectories of the selected NHS-microspheres. The microenvironment at the leading edge of a glioma cell was typically found to be stiffer than those surrounding the main cell body. *Student's t test (two-tailed, unpaired): p = 1 × 10 −17 microspheres with finite contact areas were used to measure stiffness of F-actin (Van Citters et al. 2006 ) and thermosensitive microgels (van den Ende et al. 2010) . The ensembleaveraged elastic moduli, determined using the average elastic moduli from 1 to 4.1 rad/s, scaled with a power-law of 1.7 ± 0.3, which is comparable to previous findings ranging from 1.7 to 2.2 (Yang et al. 2009; Motte and Kaufman 2013) . The magnitudes of the elastic modulus obtained using NHS-microsphere are comparable to previous results ranging from 0.1 Pa at 1 mg/ml to 50 Pa at 5 mg/ml (Velegol and Lanni 2001; Latinovic et al. 2010; Shayegan and Forde 2013) . The slight variation in power-law scaling and elastic modulus magnitude with previous findings can be due to the difference in manufacturer, type, and batch of collagen used. Similar to the findings using polyacrylamide gels, COOHmicrospheres measured a wider distribution of elastic and loss moduli compared to NHS-microspheres at all concentrations of collagen as shown in Supplementary Figure 7 , indicating the presence of unreliable measurements with the use of unbounded microspheres. This proved that the NHSmicrospheres developed in this study was sensitive to and can effectively measure the microrheology of varying microenvironment, which are essential for understanding the effect of microdomains rigidity on cell behavior and measuring microrheological changes in the heterogeneous tissue surrounding a cell during cellular-induced remodeling of the microenvironment.
3.6 Application of NHS-microsphere to determine spatial distribution of elastic moduli around C6 glioma cells PTM with NHS-microspheres was next used to determine the spatial distribution of stiffness surrounding cells in 3D hydrogel. The microspheres were incorporated into collagen type-I gel at a concentration of 3.5 mg/ml prior to impregnation with C6 glioma cells. The microspheres selected to monitor the stiffness in front of the cell processes and surrounding the cell body of a representative glioma cell are shown in Fig. 6a . Briefly, microspheres in direct contact with the collagen at the front and side of the cell processes were used to monitor the stiffness in front of the cell, while microspheres found around the main cell body were used to monitor the stiffness surrounding the cell body. The elastic moduli obtained by tracking the trajectories of the selected NHS-microspheres, at least three microspheres per condition, are shown in Fig. 6b . The same experiment was conducted using 1.5 mg/ml collagen, and the result is shown in Supplementary Figure 8 . For each collagen concentration, the local stiffness of at least three different C6 glioma cells was measured. The microenvironment at the leading edge of the representative cell was found to be statistically stiffer than those surrounding the cell body in both 1.5 and 3.5 mg/ml collagen. Previous work using fibrosarcoma HT-1080 cells found that the matrix at the leading edge of a single cell undergoes reversible deformation during mesenchymal migration in 3D collagen matrix (Bloom et al. 2008) . Glioma cells were also found to secrete lysyl oxidase (LOX), a collagen crosslinker, promoting invasive behaviors (Laczko et al. 2007; Cox et al. 2013 ). Our results indicated that these modifications of the local network lead to the formation of a stiffer microenvironment at the leading edge of the mesenchymal migrating cell. In addition, the invasion pattern of cancer cells was found to be determined by the local ECM microenvironment, such as the concerted interplay of cell adhesion and ECM degradation (Friedl and Alexander 2011) . However, the local ECM microenvironment is defined by a myriad of factors such as rigidity, protein composition, and supramolecular composition and it is still unclear which of this factor plays the dominant role in determining cancer cell invasion pattern (Nguyen-Ngoc et al. 2012) . The method established here thus enables the isolation of local ECM rigidity from these factors for future cancer cell invasion studies.
Conclusion
In this work, we described the use of covalently linked probes to determine the mechanical properties of biopolymer network with length scale of heterogeneity comparable to the probe size. We modified the surface of carboxylated microspheres to enable network/probe covalent bonding and overcome problems associated with the use of nonphysically bound probes in PTM-probe slippage through the network, polymer depletion from probe surface due to steric hindrance effect, and cage-hopping between the pores. The usefulness of surface-modified probes is further shown when microspheres smaller than the network mesh size can be used, eliminating the need to predetermine the network mesh size for selection of ideal probe size in traditional PTM. Cells are known to actively deform the surrounding ECM; however, to our knowledge, the impact of local stiffness of complex microenvironment on cell behaviors, such as cancer cell migration, stem cell differentiation, and cell endocytosis, has yet to be investigated. The biopolymer adopted for such cell behavior studies is heterogeneous in nature, and traditional method of using ensemble-averaged MSD to obtain mechanical properties does not generate information about the heterogeneity of the biopolymer. The surface-modified microsphere described in this work is a powerful biomechanics tool for generating information about the heterogeneity of any biopolymer through the individual probe data.
